Impact of HLA-driven HIV adaptation on virulence in populations of high HIV seroprevalence It is widely believed that epidemics in new hosts diminish in virulence over time, with natural selection favoring pathogens that cause minimal disease. However, a tradeoff frequently exists between high virulence shortening host survival on the one hand but allowing faster transmission on the other. This is the case in HIV infection, where high viral loads increase transmission risk per coital act but reduce host longevity. We here investigate the impact on HIV virulence of HIV adaptation to HLA molecules that protect against disease progression, such as HLA-B*57 and HLA-B*58:01. We analyzed cohorts in Botswana and South Africa, two countries severely affected by the HIV epidemic. In Botswana, where the epidemic started earlier and adult seroprevalence has been higher, HIV adaptation to HLA including HLA-B*57/58:01 is greater compared with South Africa (P = 7 × 10 −82
), the protective effect of HLA-B*57/58:01 is absent (P = 0.0002), and population viral replicative capacity is lower (P = 0.03). These data suggest that viral evolution is occurring relatively rapidly, and that adaptation of HIV to the most protective HLA alleles may contribute to a lowering of viral replication capacity at the population level, and a consequent reduction in HIV virulence over time. The potential role in this process played by increasing antiretroviral therapy (ART) access is also explored. Models developed here suggest distinct benefits of ART, in addition to reducing HIV disease and transmission, in driving declines in HIV virulence over the course of the epidemic, thereby accelerating the effects of HLA-mediated viral adaptation.
HLA | HIV | adaptation | antiretroviral therapy | virulence C ontrol of the global HIV pandemic has been focused on prevention of disease and of transmission via antiretroviral therapy (ART) and via attempts to develop HIV vaccines capable of inducing effective immune responses against the virus. Relatively little consideration has been given to the impact of widespread ART and of natural antiviral immunity on the evolution of HIV virulence. Theory predicts, all other things being equal, that infections causing new epidemics will reduce in virulence over time because pathogens require host survival to transmit (1, 2) . However, as in HIV infection, a tradeoff typically exists between virulence and transmissibility. In HIV, high viral load is associated with increased transmission risk but more rapid progression to AIDS and death (3) (4) (5) . It has been estimated that the optimal viral set point for the virus is ∼30,000 copies per mL, which is sufficiently high to provide a reasonable chance of transmission, and sufficiently low to provide long-term survival of the host before progression to disease (5) .
We here consider the potential impact of two processes on changing HIV virulence over the course of the epidemic. The first is that of viral evolution in response to HLA-mediated selection pressure. The second is that of widespread use of ART. The term "virulence" refers to a microorganism's capacity to cause disease (6) . It has previously been shown that the viral replicative capacity (VRC) of the transmitted virus predicts both the viral set point and, more strongly, the CD4 decline in the recipient (7, 8) . The CD4 decline is the closest marker of rate of progression to disease, and the viral set point predicts that rate of CD4 decline (4) . Thus, on this basis, the replicative capacity of HIV at a population level strongly influences the virulence of HIV infection. In turn, virulence is reflected by viral set point and CD4 count. However, it is important to note that, at an individual level, the rate of progression to disease is affected by many additional influences than VRC alone, including host genetic, immunologic, environmental (such as coinfections), and stochastic factors.
Immune control of HIV-1 infection is most strongly influenced by the HLA genes expressed in each individual (9) . An important underlying mechanism is the ability of protective HLA molecules
Significance
Factors that influence the virulence of HIV are of direct relevance to ongoing efforts to contain, and ultimately eradicate, the HIV epidemic. We here investigate in Botswana and South Africa, countries severely affected by HIV, the impact on HIV virulence of adaptation of HIV to protective HLA alleles such as HLA-B*57. In Botswana, where the epidemic started earlier and reached higher adult seroprevalence than in South Africa, HIV replication capacity is lower. HIV is also better adapted to HLA-B*57, which in Botswana has no protective effect, in contrast to its impact in South Africa. Modelling studies indicate that increasing antiretroviral therapy access may also contribute to accelerated declines in HIV virulence over the coming decades.
to direct cytotoxic T lymphocytes (CTLs) against virus-infected cells, such that HIV can only evade these responses via the selection of escape mutants that also reduce VRC. In this way, even though certain immune responses lose potency, the ability of the virus to replicate can be substantially compromised (10) (11) (12) .
These CTL escape mutants can be transmitted and accumulate in the population to the point where the virus has successfully adapted to immune responses that were previously protective (13) . In Japan, where HLA-B*51 was initially protective in the early part of the epidemic, increase in the frequency of an escape mutant in the critical CTL epitope to 75% of circulating viruses in the Japanese HIV-positive population was associated with loss of the protective effect associated with HLA-B*51. Recent studies (14) indicate that VRC in Japan has been declining over the same timespan, prompting the question of how viral adaptation to HLA-mediated selection might affect population-level VRC.
The rapidly increasing and widespread use of ART worldwide to slow disease progression and reduce transmission has been well documented. However, its potential impact on populationlevel VRC has received little attention. It is well established that transmission of viruses with high VRC tends to result in high viral set points and rapid CD4 decline in the recipient (7, 8, 15, 16) . Thus, the viruses in individuals with the lowest CD4 counts tend to have the highest VRC (14, (17) (18) (19) (20) . ART initiation along WHO guidelines (21) is in most cases the result of a CD4 count threshold being reached. Successful treatment with ART suppresses viremia to such low levels that the risk of transmissions is effectively eliminated (22) . These observations therefore prompt the hypothesis that increasing use of ART would be likely to contribute to a removal from the population of the viruses with the highest VRC, and therefore to decrease the virulence of the HIV epidemic over time.
We reasoned here that if the effects of viral adaptation on protective HLA alleles, with subsequent loss of that HLA-associated protection and a measurable decline in VRC, are already evident in the course of the epidemic in Japan, where adult seroprevalence has never exceeded 0.1%, these effects may be at least as evident in southern Africa, where the epidemic has been established for longer and adult seroprevalence rates have been >100-fold higher (23) . Although South Africa is the country with the greatest absolute number of HIV infections (6.1 million South Africans currently living with HIV) (24) , the epidemic in Botswana preceded it by some years and adult seroprevalence (percentage of the population infected) has been substantially higher (25) (Fig. 1A) . Furthermore, the use of ART in South Africa has lagged several years behind that in Botswana (25) (Fig. S1 ). We hypothesized therefore that, in Botswana compared with South Africa, HIV would be better adapted to protective HLA molecules; that this HLA adaptation would be associated with reduction in or loss of that HLA-linked protective effect; and that the increased frequency of HLA-driven viral variants would be associated with reduced population-level VRC. Finally, we hypothesized that the higher ART coverage in Botswana would have had a corresponding greater impact on reducing population-level HIV virulence in that country.
Results
Increased HIV Adaptation to HLA in Gaborone Compared with Durban.
Initial observations of two apparently comparable cohorts of ART-naïve antenatal mothers in Gaborone (n = 514) and Durban (n = 328) (mean age 27.5 and 27.3 y) showed somewhat lower viral loads in the Gaborone cohort ( Fig. 1B; 15 ,350 vs. 29,350, P < 0.0001) and also lower absolute CD4 counts (mean 342 cells per mm 3 vs. 397 cells per mm 3 , P = 0.007). The lower CD4 counts suggested that the Gaborone cohort might comprise individuals with more advanced disease, despite the fact that the two cohorts were closely matched in age. In both cohorts viral loads were inversely correlated with CD4 counts (Gaborone: r = −0.36, P < 0.0001; Durban: r = −0.50, P < 0.0001), but for a given CD4 count, viral loads were lower in the Gaborone cohort. Several explanations might underlie such findings, including population differences unrelated to HIV; however, these data were also consistent with the hypothesis that VRC might be lower in Gaborone than in Durban.
We first addressed the question of whether HIV sequences were better adapted to the HLA molecules expressed in Gaborone compared with Durban. Previous studies of >2,000 HIV-infected subjects in southern Africa-in whom HLA type and autologous Gag, Pol, and Nef HIV-1 sequences had been determined-had identified the escape mutants significantly driven by the HLA molecules expressed in this study group (26) . We defined the degree of adaptation as the percentage of HIV amino acid residues that were escape mutants in the autologous virus sequence for the given HLA type of each study subject. We then tested adaptation of all HIV sequences in the cohort against each individual subject's six class I HLA molecules to estimate the expected level of viral adaptation in that cohort to that individual. Using this approach, it is evident that virus sequences in Gaborone are indeed substantially better adapted to the HLA type of the study subjects than in the Durban cohort ( Fig. 2A ). This applied both to the cohorts analyzed as a whole and also to the subset of subjects expressing either HLA-B*57 or HLA-B*58:01 (Fig. 2B) , the class I molecules previously shown to be most protective against HIV disease progression in Durban (26) (27) (28) . The statistical significance of the findings was unaltered whether limiting the analysis to the maternal cohort in Durban described above or to an extended Durban cohort of 1,218 ART-naïve subjects (26) that included subjects from outpatient clinics (Methods). Reduced Protection from HLA-B*57/58:01 but Not B*39:10/81:01/42:01 in Gaborone. We next investigated whether the increased population-wide viral adaptation in individuals expressing HLA-B*57/58:01 observed in Gaborone was associated with a reduced protective impact of these alleles compared with Durban ( Fig. 3 ). We observed no protective effect of HLA-B*57/58:01 in Botswana, a finding that contrasts significantly with the effect seen in Durban (26-28) (P = 0.0002). This lack of protection conferred by B*57/58:01 in Botswana was consistent for all three closely related alleles; HLA-B*57:03, HLA-B*57:02, and HLA-B*58:01. HLA-B*57 has been associated with the lowest viral set points of all of the HLA alleles that have been studied worldwide (9) , and thus this observation in Botswana is unique. However, there was no difference between Gaborone and Durban in the impact on viral set point mediated by the second tier of protective alleles; HLA-B*39:10, HLA-B*81:01, and HLA-B*42:01.
To investigate why there was no difference in the effect of HLA-B*39:10/81:01/42:01 in Gaborone and Durban-in contrast to the differential impact observed for HLA-B*57/58:01 and for HLA-B*44:03 which also carries a significant, albeit modest, protective effect in Durban (26, 28) but not in Gaborone (although the differences here were not significant, P = 0.47 for comparison)-we first compared the frequency of HLA-driven escape mutants in the two groups in Gag (group-specific antigen), which has been proposed as an important CTL target for immune control (29) (Fig. 4 A and B and Table S1 ). We observed a significant increase in the HLA-B*57/58:01/44:03-driven Gag escape mutants in Gaborone compared with Durban (which remained significant even after exclusion of the HLA-B*44:03 data), but there was no difference in the frequency of the HLA-B*39:10/81:01/42:01-driven escape mutants in these two populations. Extending this analysis to the degree of adaptation in Gag, Pol, and Nef in the two populations showed a significant increase in adaptation to HLA-B*57 in the Gaborone cohort, whereas no difference was observed in adaptation to HLA-B*81 between the populations (Fig. 4 C and D) . These findings were not explained by differences in HLA prevalence in the two cohorts (Fig. S2) . The only protective HLA allele differing in prevalence between the two cohorts was HLA-B*42:01, which did not in this case affect frequency of HLA-B*42:01-associated escape mutants in the populations.
The impact of HLA alleles associated with high viral set points, such as HLA-B*18:01 and HLA-B*58:02 (refs. 25-28) that do not drive selection of Gag escape mutants (30) , did not differ between Gaborone and Durban (P = 0.61 and P = 0.22, respectively).
Lower Population-Level Viral Replicative Capacity in Gaborone. We next addressed the question whether VRC differs between the populations in Gaborone and Durban. Selected samples matched for the donor CD4 count (absolute CD4 count mean: 385 per mm 3 and 389 per mm 3 in Gaborone and Durban, respectively) were compared in side-by-side assays undertaken in the same laboratory under identical conditions. Consistent with the hypothesis developed above, VRCs were significantly lower in the Gaborone cohort (mean VRC of 0.72 vs. 0.81, P = 0.028; Fig. 5A ). Consistent with other studies (17) (18) (19) (20) , VRC was significantly higher in those with low absolute CD4 counts both in Durban (17) and in Gaborone ( Fig. 5B ; r = −0.31, P = 0.01).
As expected from the data shown for the entire study cohorts (Figs. 2-4) , the frequency of HLA-B*57/58:01-driven Gag mutants in the Botswana subjects whose VRC was determined was higher than in the Durban cohort (mean of 1.3 mutants per subject vs. 1.0, P = 0.045). This is consistent with previous observations that HLA-B*57/58:01-driven Gag mutants reduce VRC (9-12). However, this difference was modest, suggesting the possibility that factors additional to HIV adaptation to HLA-B*57/58:01 may be contributing to the population-level differences in VRC observed (Discussion).
Increased CTL Epitope Variant Frequency over a Decade Within the Same Population. To confirm the increased frequency of CTL escape mutants within a population over time implied by these findings, we first sought to study suitable archived samples from Gaborone, but these were not available. We therefore addressed the question of whether the frequency of CTL mutants would significantly increase over a short time period, such as a decade, by evaluating the same population over time in Durban. To compare data with the maternal cohort in Durban described above that was enrolled between 2002 and 2005, we enrolled a second maternal cohort from the same site in Durban between 2012 and 2013. Gag sequences were determined in HLA-typed subjects and the frequency of variants within Gag CTL epitopes that have been identified in previous studies (13, 26, 30, 31) and confirmed once again in the current study (Table S1 ), were compared in the two Durban cohorts (Fig. 6 and Table S2 ). There was no single mutant that was significantly decreased in frequency in the 2012-2013 cohort compared with the 2002-2005 cohort, and there were six mutants that were significantly increased (P < 0.05), as well as 11 other mutants that were also increased in frequency; but individually these increases did not reach statistical significance. Overall, the variant frequency for all of the Gag CTL escape 
Discussion
These studies, undertaken in two of the countries worst affected by the HIV epidemic, suggest that here HIV evolution is progressing rapidly. The contrasts between Botswana and South Africa, in the degree of adaptation of HIV to prevailing HLA molecules in the populations and in the protective impact of protective alleles such as HLA-B*57 and HLA-B*58:01, coincide with the substantial differences in duration and magnitude of the epidemic in these two localities. The lack of any HLA-B*57/ 58:01-associated protective effect in the Botswana cohort that included 510 study subjects-18% of whom expressed one of the HLA-B*57/58:01 alleles-is striking, given that HLA-B*57 subtypes in Caucasian, African, Asian, and Hispanic populations have provided the greatest reduction in viral set points of all of the HLA alleles studied to date (9) . However, this process of HIV adaptation to HLA alleles such as HLA-B*57 and HLA-B*58:01 that drive the strongest selection pressure on the virus, with consequent loss of immune protection mediated by those alleles, was anticipated more than a decade ago (32) and similar observations have been made in relation to HLA-B*51 in Japan as described above (13) .
The lower VRC observed in the Botswana cohort is consistent with the greater degree of viral adaptation and accumulation of HLA-B*57/58:01-associated mutants, many of which have been shown to reduce VRC, especially in combination (9) (10) (11) (12) . In vivo, the impact of these escape mutants in reducing VRC is diminished by the presence of compensatory mutants (10-12, 20, 33, 34) and thus one might not necessarily expect increasing number of these mutants invariably to give rise to lower VRC. Nonetheless, the increasing number of HLA-B*57/58:01-associated mutants is correlated with the decreasing VRC in some Southern African cohort studies (Bloemfontein: r = −0.19, P = 0.03; Kimberley: r = −0.25, P = 0.007) (20) ; and in the current comparison between Gaborone and Durban cohorts, a significantly higher number of HLA-B*57/58:01-associated mutants was observed, both in the Gaborone cohort as a whole (Figs. 2B and 4 A and C) and in the subset selected for the VRC determinations (mean of 1.3 mutants per subject vs. 1.0, P = 0.045). However, the modest increase only in HLA-B*57/58:01-driven mutants in this Botswana subset on which the VRC measurements were undertaken, together with the observation that the number of HLA-B*57/58:01-driven mutations did not correlate significantly with the VRC in the Botswana cohort, suggests that factors additional to mutant number alone may contribute to the lower VRC observed.
One such factor may be the marked diversity of patterns in the frequency of HLA-associated mutations in Gaborone compared with Durban (Fig. 4) . Some mutations have higher prevalence in Gaborone, whereas for others the prevalence is similar. For the HLA-B*81:01-associated mutations, prevalence appears lower in Gaborone than in Durban, even though the epidemic is longer established in Gaborone. Within populations the absolute frequency is also very variable (35) . Mathematical models of the within-host evolution and between-host spread of CTL-driven escape mutations predict just such diversity. Depending on the rates of escape in HLA-matched hosts and reversion in HLA-mismatched hosts the prevalence of different escape mutations is predicted to display a wide range of dynamics patterns, even including an initial rise followed by a fall (35) . These published modeling predictions are consistent with the data presented above, showing an increase in CTL mutant frequency over a decade within the Durban population. Mutants such as the S357X variant within the HLA-B*07-restricted epitope GPSHKARVL (Gag 355-362) accumulate rapidly, as expected for a variant selected at high frequency in acute infection (13) and with a low reversion rate (30); in contrast there was a more modest increase over the same period of the HLA-B*14-associated mutant K302R within the epitope DRFFKTLRA (Gag 298-306), which is selected at lower frequency and reverts rapidly (30) .
The expectation from these findings would be that, over the course of the epidemic, HLA adaptation would progressively nullify the direct protective impact of HLA alleles previously associated with slow progression, at the same time mitigating this detrimental effect (to the host) by the concomitant decrease in VRC. For example, the viral loads in HLA-B*57:03-positive subjects were lower in Durban than in Botswana (median 2,630 vs. 9,570), but viral loads in HLA-B*57:03-positive subjects in Botswana were still relatively low given the high degree of viral adaptation to HLA-B*57 in Botswana. The disadvantage to an HLA-B*57-positive host of being infected with a virus preadapted to HLA-B*57 is to some extent compensated for by the low VRC of the transmitted virus which correlates with low early viral set point and high CD4 count (8) .
The findings described here in Botswana are consistent with those of a previous study in Amsterdam, where accumulation of HLA-B-associated mutants had accrued over a 20-y period, reducing the number of available epitopes restricted by the most protective HLA molecules in that population, HLA-B*27:05 and HLA-B*57:01 (36) . These findings, together with the data presented here and those previously referred to in Japan in relation to HLA-B*51 (13) , contrast with the recent study of the North American epidemic in which HIV adaptation was observed to be occurring only slowly, although to a greatest relative extent to the protective alleles (37) . The possible reasons for this difference are unknown, but may relate to the heterogeneity of the population structure in North America compared with Botswana, Holland, or Japan, with a consequently diluted and inconsistent selection pressure on the virus driven by the HLA diversity.
An additional factor that may contribute to the lowering of VRC over time in a population is the impact of ART. As described above, transmission of viruses with high replication capacity tends to result in more rapid CD4 decline in the recipient (8) and hence HIV-infected people with low CD4 counts tend to have viruses with high replicative capacity, as observed in this study and several others (14, (17) (18) (19) (20) . To examine the plausibility of this hypothesis, we developed a mathematical model, first, to investigate how HIV virulence would be expected to change over the course of the epidemic in the absence of ART; and, second, to examine the anticipated impact that ART would have on virulence (Fig. S3 and Table S3 ). The model that was developed supported the hypothesis that selective treatment of people with low CD4 counts will tend to accelerate the evolution of variants with lower VRC. However, these effects are predicted to be quite subtle over the short term, but would contribute to accelerate the lowering of VRC over the longer term (Fig. S3C) .
Several factors may influence the impact of ART on population-level VRC. First, the ART treatment guidelines vary from place to place and change over time. ART treatment programs came into being in South Africa relatively late, government programs being introduced only within the last decade (23, 25, 38, 39) . The initial CD4 treatment criterion for ART initiation was an absolute CD4 count of <200 per mm 3 , and this was changed to <350 per mm 3 in 2010. The WHO in 2013 recommended a CD4 count of <500 per mm 3 as an appropriate starting point (21) . If the ART-naïve 2002-2005 maternal cohort in South Africa is representative, these three CD4 criteria would result in treatment of 19%, 42%, and 72% of the HIV-infected population, respectively. A second factor is the coverage in terms of the percentage of those meeting the CD4 criteria that actually receive ART and maintain viral suppression on ART. A third factor is the proportion of transmissions that occur during acute infection in the donor-that is, before ART can be initiated. This proportion is likely to vary dramatically from one setting to another and estimates range from 1% to 41% (40) (41) (42) (43) . The consensus figure of ∼25% (40-43) of transmissions occurring in acute or early infection would suggest that the majority of transmissions occur in chronic or late infection, at which times initiation of ART would have an impact.
It is important in these studies of HIV-replicative capacity to draw attention to the caveats that apply with respect to the assay used here. The assay does not take into account the effects of genes other than gag or protease on VRC. Thus, the true VRC of HIV in each study subject is only partially represented by the assay, and also it is possible that mutations outside of GagProtease may compensate for mutants within Gag-Protease and vice versa. However, the assay has been adopted and validated by several groups, including the demonstration of a correlation between the replication capacities of Gag-recombinant viruses and complete HIV isolates obtained from the same patient samples (31); and, consistently in these studies, the measured VRC correlates with viral set point and, inversely, with CD4 count (14, (17) (18) (19) (20) , suggesting that the gag-pro sequence has an important influence on HIV disease outcome, independent of the effects of other genes on VRC. In addition, the CTLs that have been most clearly related to immune control and that dominate the HIV-specific response in subjects expressing the protective HLA alleles HLA-B*57/58:01/27/81:01 are within Gag (9, 44) , and the escape mutants within these Gag epitopes have been proposed to play a critical role in immune control via a reduction on VRC (9-12) . Thus, the gag-pro region of the viral genome is of particular relevance in evaluating the impact of these escape mutations on VRC that is the subject of this current study.
In conclusion, these data suggest that viral adaptation to protective HLA alleles such as HLA-B*57 and HLA-B*58:01, together with the increasing use of ART, are both forces driving the virulence of transmitted viruses down. If this proves to be the case, this process would substantially accelerate the success of current prevention and treatment programs that are designed ultimately to bring about population-level eradication of HIV. These mothers had received AZT from booking to delivery and then single dose of nevirapine during labor according to the South African national guidelines, and no ART postdelivery. Analyses were also undertaken using data from an extended Durban cohort (n = 1,218) that included subjects from outpatient clinics enrolled up to 2007 as previously described (25) . Viral load was measured from plasma using the identical Roche Amplicor Version 1.5 assay in both cohorts. Samples from study subjects were HLA-A-, -B-, and -C-sequenced based typed in the Clinical Laboratory Improvement Amendments/American Society of Histocompatibility and Immunogenetics-accredited laboratory of William Hildebrand (University of Oklahoma Health Sciences Center, Oklahoma City) using a locusspecific PCR amplification strategy and a heterozygous DNA-sequencing methodology for exons 2 and 3 of the class I PCR amplicon. Relevant ambiguities (47) were resolved by homozygous sequencing. DNA sequence analysis and HLA allele assignment were performed with the software Assign-SBT Version 3.5.1 (Conexio Genomics). Amplification and Sequencing of Proviral DNA. Gag, Pol, and Nef sequences were generated from genomic DNA extracted from peripheral blood mononuclear cells, amplified by nested PCR using previously published primers to obtain population sequences, as previously described (48) . Sequencing was undertaken using Big Dye Ready Reaction Terminator Mix Version 3 (Applied Biosystems). Sequences were analyzed using Sequencher Version 4.8 (Gene Codes Corporation).
Methods
Statistics: Identification of HLA-Associated Viral Polymorphisms and Codon Covariation. HLA-associated viral polymorphisms and viral amino acid covariations were identified from proviral DNA using a previously described method that corrects for phylogeny, HLA-linkage disequilibrium, and codon covariation (29, 49) . Briefly, a maximum likelihood phylogenetic tree was constructed for each gene and for every HLA allele and amino acid, two generative models of the observed presence or absence of the amino acid in each sequence were created-one representing the null hypothesis that the observations are generated by the phylogenetic tree alone and the other representing the alternative hypothesis that additional escape or reversion takes place due to HLA pressure, as estimated using a modified logistic regression model (25) .
The likelihood of the observations was then maximized over the parameters of both models with an expectation maximization algorithm, and a P value was computed with a likelihood ratio test based on those likelihoods. To increase power, the tests were made binary such that the presence or absence of a given HLA allele was correlated with the presence or absence of a given amino acid. In addition, HLA polymorphism pairs were analyzed only when both the amino acid and the HLA were independently observed in at least 10 individuals. For every amino acid at each position, the HLA allele with the strongest association was added to the model and the analysis was repeated to identify the next most significant HLA, conditioned on those previously added to the model. This procedure was iterated until no HLA allele yielded an association with a P value of less than 0.05. A q value statistic, estimating the proportion of false positives among the associations identified at a given P value threshold, was estimated using the method of Storey and Tibshirani (50).
Statistical significance was reported using q values of ≤ 0.05 (5% false-discovery rate) for each P value threshold.
Associations were learned using a previously defined, multicohort set of 2,066 individuals from various regions in Southern Africa, including South Africa (n = 1,254), Botswana (n = 326), Zambia (n = 326), and n = 66 individuals of Southern African descent who enrolled in the Thames Valley clinic in the United Kingdom (26) . High-resolution HLA typing was available for each individual, as were sequences for Gag (n = 1,897; n = 1,135 for p15), Pol (n = 1365; n = 1,315, 1,364, and 698 for Pr, RT, and Int, respectively), and Nef (n = 1,336). Gag, Pol, and Nef alignments were constructed using HIVAlign (51), then hand edited. Maximum likelihood trees were constructed separately for Gag, Pol, and Nef using PHYML (52) . The extent to which an HIV sequence was adapted to a given HLA allele was measured as the proportion of sites associated with that allele that were adapted, defined as the presence of a polymorphism (either by itself or as a called mixture) that is positively correlated with the HLA or the presence of a polymorphism that is different from the polymorphism that is negatively associated with the HLA (if such a polymorphism exists). Sites containing indel characters are treated as missing data. In Fig. 2 , for example, each point represents the HLA repertoire of each study subject (i.e., the six HLA class I molecules expressed) and the average, over all sequences in the cohort, of the number of sites in Gag, Pol, and Nef that are adapted to those HLA class I molecules, divided by the total number of sites associated with selection pressure mediated by those HLA class I molecules. This calculation therefore represents the average degree of adaptation of all sequences in that cohort to that individual HLA repertoire.
Viral Replication Assay. Patient gag-protease isolated from plasma RNA was inserted into a NL4-3 gag-protease-deleted plasmid to generate recombinant viruses, as previously described (17, 18) .
Titration of virus stocks and replication assays were performed as described (12, 13) , using a multiplicity of infection of 0.003. The mean slope of exponential growth from days 2 to 7 was calculated in Excel (Microsoft) using the LOGEST function and converted to natural logs. This was then divided by the slope of growth of the WT NL4-3 control included in each replication assay, to generate a normalized replication capacity for comparison between different assays. Replication assays were performed in duplicate and the results averaged.
The samples used for the VRC assays were selected at random from subjects in each cohort whose absolute CD4 counts were matched in the range of 300 to 500 cells per mm 3 and retrospectively compared and confirmed to be not significantly different (385 per mm 3 and mean of 389 per mm 3 in Gaborone and Durban, respectively). The VRC had previously been evaluated in >400 HIV-infected study subjects in Durban (17) . The subset of viruses selected at random from the Durban cohort were established as representative of the entire sample group of 119 Durban subjects whose absolute CD4 counts were in the range of 300 to 500 per mm, in having the same mean VRC: The mean VRC as determined in Durban in this subset of 16 viruses was 0.62 (SD 0.09), compared with a mean VRC of 0.62 (SD 0.1) for the whole group. Viral titres and replication capacities for these 16 viruses were determined at the University of Oxford as described above and normalized to the same viral stock of the NL4-3 control used for the 63 Gaborone samples. The VRC determined at the University of Oxford for the 16 Durban Gag-protease recombinant viruses was strongly correlated with the VRCs determined for these same viruses in Durban in the previously published study (12) (r 2 = 0.94 P < 0.0001; Pearson's correlation).
Viral Replication Assay Validation. Gag-Protease recombinant viruses generated by this method have been shown to be representative of original plasma quasispecies (17, 18) . In this study, Gag p17+p24 was sequenced from 27 randomly selected recombinant viruses from the Gaborone study cohort and compared with the original plasma HIV RNA sequence. Viral RNA was isolated from recombinant virus supernatants using a QIAamp Viral RNA mini kit (Qiagen). RT-PCR was performed and the product sequenced along with the gag-protease PCR product from plasma viral RNA, as previously described (17, 18) , to obtain gag p17 and p24 population sequences from both plasma viral RNA-and recombinant virus RNA-derived cDNA. Sequences were analyzed and edited in Sequencher 4.8 and aligned to the HXB2 reference sequence (GenBank accession no. K03455) in Se-Al Version 2.0a11. Plasma viral RNA-derived cDNA sequences and recombinant virus RNAderived cDNA sequences from the Gaborone subjects were directly compared with ascertain similarity. Twenty-seven pairs of sequences were randomly chosen and percentage pairwise distances calculated using HyPhy Version 1.0β (53) . The median number of nucleotide differences between the compared sequences was 2.9 (IQR 0.9-5.2), with mixed bases included as differences,
